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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Cutting analyses incorporating chip bending in addition to shear yielding and fracture toughness have been presented. A plastic 
bending term (eb/γ)(hc/h) is included which corrects the yield stress, σY, determined from the cutting data. The experimental data 
for seven polyme s derived from measuring both he chip thickness and the resi ual radius of curvature show that the 
contribution of bending is up to about 12%. This gives a correction to σY of about the same order but Gc is unaffected as 
(eb/γ)(hc/h) is a factor independent of the cutting depth. The corrected σY values are compared with the σY values in simple 
compression and it suggests a work hardening effect for the polyolefines. Also, the low bending strain in the chips of HMWPE 
and PP may be attributed their large degree of non-linearity observed in the compression test.   
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1. Introduction 
Orthogonal cutting tests have been employed in the determination of the fracture toughness of polymers [1]. 
Sharp tools with an angle θ are used to cut surface layers of varying thickness, h, and the cutting force Fc and 
transve se force Ft are measured as show  in Fig. 1 (a). As drawn in Fig. 1, the deformation mode in the chip is 
bending and for large radii of curvature the deformation is elastic giving no plastic deformation and hence no energy 
dissipation. On unloading the chip would be straight. For larger angles a d smaller thicknesses, the radius of 
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curvature decreases leading to elastic-plastic bending and permanent curvature, i.e., chip curling, as shown in Fig. 1 
(b).   
For larger angles and smaller thicknesses, there is a further transition to plastic shearing along a plane at an angle 
φ, as shown in Fig. 1 (c). This results in straight chips but with large plastic shear strains. This is the case used for 
determining the fracture toughness Gc and the forces are proportional to h so that extrapolation to Fc/b at zero 
thickness gives an intercept of Gc. There is also energy dissipation via friction at the tool-chip interface and this can 
be determined via the transverse force Ft/b [1]. The testing method [2] assumes that the deformation is all via shear 
and the h values are chosen to ensure that this is the case. However, it has been observed that, for some materials, 
chips with a finite residual curvature occur so that some of the energy dissipation is via bending. The effect of this 
on the analysis of results is explored here by measuring the residual curvatures of the chips and making corrections. 
   
Fig. 1. (a) Elastic bending, (b) elastic-plastic bending and (c) plastic shearing. 
 
Fig. 2.Geometry of shear solution. 
Nomenclature 
 
Greek Alphabet 
γ shear strain in cutting 
θ tool angle 
σ stress 
σY yield stress 
φ shear plane angle in cutting 
 
English Alphabet 
b width of cut 
dx tool movement 
dxc distance moved by force S 
dus shear displacement 
e strain 
eY yield strain in compression as defined in Fig. 3 
êY yield strain in compression as defined in Fig. 3 
E Young’s modulus 
eb bending strain in the chip 
Fc cutting force 
Ft transverse force 
Gc fracture toughness determined via cutting test 
h cutting depth 
hc chip thickness 
Mp moment at full yielding (σYbh2/4) in the chip 
N normal force on the tool face 
R radius of curvature 
Ri radius of curvature of the inner part of the chip 
Ro radius of curvature of the outer part of the chip 
S shear force on tool face 
2. Analysis 
We first consider the energy analysis [3] of the shear case which is shown in Fig. 2. Assuming plane strain 
condition, i.e. b>>h, there is a constant area for the deformation and, 
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Using the Tresca yield criterion, the shear stress on the shear plane is taken as σY/2 giving a shear force on the plane 
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The energy dissipation in plastic bending may be found by measuring the residual radius of curvature of the chip, R, 
which gives rise to a bending strain of eb=hc/2R. The plastic bending term is thus given approximately by, 
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This is the equation used in method 2 in [1] and enables Gc and σY to be found by measuring h, and in this case hc 
also. Here the additional term (eb/γ)(hc/h) is included. This form includes the friction energy and no assumptions as 
to friction laws need be made in determining Gc and σY.  
 
3. Materials Data 
The materials used in the analysis include polyethylene of different molecular weights, ranging from 0.5 to 70 
million g/mol, denoted as high density polyethylene (HDPE), high molecular weight polyethylene (HMWPE) and 
ultra-high molecular weight polyethylene (UHMWPE); polypropylene (PP), polyether ether ketone (PEEK), neat 
epoxy (EPOXY) and carboxyl-terminated butadiene-acrylonitrile (CTBN) rubber modified epoxy 
(EPOXY/RUBBER). Simple compression test was carried out for the materials. The tests were performed on 
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This is the equation used in method 2 in [1] and enables Gc and σY to be found by measuring h, and in this case hc 
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to friction laws need be made in determining Gc and σY.  
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prismatic specimens of width and thickness 10 mm and height 10 mm using an Instron (5567) universal testing 
machine. A clip gauge was used and the crosshead rate was 1 mm/min. A silicone oil was used as the lubricant. 
Examples of obtained true stress-strain curves are shown in Fig. 3. The method of finding the elastic modulus (E), 
yield stress (σY), yield strain (eY) and the measure of the degree of non-linearity (êY) is illustrated in Fig.4. Note that 
an initial toe compensation in the curves was made.  
Table 1 Compression data 
 E (GPa) σY (MPa) eY êY eb êY- eY eb/êY 
HDPE 1.18 25.4 0.02 0.062 0.18 0.042 2.90 
HMWPE 1.01 23 0.024 0.11 0.08 0.086 0.73 
UHMWPE 0.82 18.5 0.02 0.078 0.13 0.058 1.67 
PP 1.56 44.1 0.028 0.106 0.08 0.078 0.75 
PEEK 3.5 116 0.027 0.047 0.17 0.02 3.62 
EPOXY 3.18 88.4 0.028 0.043 0.13 0.015 3.02 
EPOXY/RUBBER 2.67 81.8 0.031 0.046 0.11 0.015 2.39 
 
 
Fig. 3. Examples of true compressive stress-strain relationships of (a) HDPE, (b) PEEK and (c) Epoxy. 
  
Fig. 4. Definition of stress-strain terms on compressive curve, σY, eY and eŶ. 
4. Cutting Tests 
Cutting tests were conducted on a CNC surface grinder (Minini M286), where a customized sample holder was 
attached to the grinding head and a tool post together with a force transducer (Kistler 9257B) mounted on the 
compound table. The cutting tool was made from high speed tool steel (Cobalt M42) by grinding and lapping so that 
a naturally sharp tool-tip with a radius less than 5μm could be obtained. A tool angle of 75° was used for cutting the 
thermoplastics and 60° for the epoxies. During the cutting test, the cutting force Fc and transverse force Ft were 
measured by the force transducer and the actual cut depth of the specimen h was measured using a confocal distance 
sensor (STIL CHR 150). All cutting tests were carried out at a speed of 10mm/s, and the depth of cut ranged from 
approximately 50 μm to 200 μm.   
The cut chips were immediately collected and cold mounted using a two-part epoxy resin. The mounted 
specimens were processed via cross-sectioning and fine polishing so that the cross-sectional appearance of the chips 
can be revealed, as shown is Fig. 5. After preparation, the chip thicknesses and radii of curvature were measured 
using optical microscopy (Leica DFC 420) and a commercial image analysis software (Leica Qwin). Each chip 
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thickness hc was taken from an average of 10 measurements through the section where the corresponding cutting 
process reached steady-state. When determining the residual radius of curvature, attention has been paid to the initial 
curling part of the chip because this part of the chip was the least affected by the overlapping effect. The inner and 
outer of profiles of the initial part of the chip were analyzed by means of least-squares circle fitting, and the radius 
of curvature of the chip, R, was approximated by 
2
io RRR   
where Ro and Ri are the outer and inner radii of the initial part of the chip, respectively. 
 
 
Fig. 5. Image of a curled chip (UHMWPE) revealed by cross-sectional polishing. 
5. Experimental Data 
Table 2 Chip measurements 
  h hc hc/h Ri Ro Ro-Ri R=(Ro+Ri)/2 eb γ tanφ eb/γ (eb/γ)(hc/h) 
 μm μm  μm μm μm μm      
HDPE 
θ=75° 
49.68 59.18 1.19 155.0 218.4 63.4 186.7 0.16 1.57 1.04   100.24 112.65 1.12 258.2 370.1 111.9 314.2 0.18 1.55 1.12   148.84 172.03 1.16 388.6 554.1 165.5 471.4 0.18 1.56 1.08   198.36 229.69 1.16 529.3 758.0 228.7 643.7 0.18 1.56 1.07     
Average:   1.16     0.18 1.56   0.12 0.14 
HMWPE 
θ=75° 
49.09 64.41 1.31 294.5 370.1 75.6 332.3 0.10 1.61 0.92   92.21 112.33 1.22 799.9 913.8 113.9 856.9 0.07 1.58 1.01   162.73 191.00 1.17 1247.8 1441.1 193.3 1344.5 0.07 1.56 1.06   202.2 232.82 1.15 1471.4 1709.9 238.5 1590.7 0.07 1.56 1.08     
Avg.:   1.21     0.08 1.58   0.05 0.06 
UHMWPE 
θ=75° 
50.41 58.66 1.16 177.2 235.3 58.1 206.3 0.14 1.56 1.07   102.36 118.75 1.16 439.0 559.2 120.2 499.1 0.12 1.56 1.07   153.09 173.40 1.13 661.1 831.9 170.8 746.5 0.12 1.55 1.11   201.65 219.21 1.09 831.1 1056.8 225.7 944.0 0.12 1.54 1.17     
Average:   1.14     0.13 1.55   0.08 0.09 
PP 
θ=75° 
49.33 62.39 1.26 407.4 471.1 63.7 439.3 0.07 1.59 0.96   99.26 118.45 1.19 700.3 816.4 116.1 758.4 0.08 1.57 1.03   147.93 174.52 1.18 999.9 1173.3 173.4 1086.6 0.08 1.56 1.05   199.92 230.15 1.15 1214.1 1442.6 228.5 1328.4 0.09 1.56 1.08     
Average:   1.20     0.08 1.57   0.05 0.06 
PEEK 
θ=75° 
59.81 77.63 1.30 195.8 267.1 71.3 231.5 0.17 1.61 0.93   100.05 138.40 1.38 332.0 465.9 133.9 399.0 0.17 1.64 0.86   148.71 192.85 1.30 475.9 660.8 184.9 568.4 0.17 1.60 0.93   198.6 245.76 1.24 586.9 829.7 242.8 708.3 0.17 1.58 0.99     
Average:   1.31     0.17 1.61   0.11 0.14 
EPOXY 
θ=60° 
30 37.33 1.24 123.0 167.7 44.7 145.4 0.13 1.21 1.16   60 72.37 1.21 223.3 297.6 74.3 260.5 0.14 1.20 1.23   100 128.63 1.29 485.6 626.0 140.4 555.8 0.12 1.23 1.10     
Average:   1.25     0.13 1.21   0.11 0.14 
EPOXY 
/RUBBER 
θ=60° 
30 33.05 1.10 127.1 158.8 31.7 143.0 0.12 1.17 1.44   60 69.59 1.16 267.5 333.6 66.1 300.6 0.12 1.18 1.31   100 114.88 1.15 532.3 639.8 107.5 586.1 0.10 1.18 1.33     
Average:   1.14     0.11 1.18   0.09 0.10 
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4. Cutting Tests 
Cutting tests were conducted on a CNC surface grinder (Minini M286), where a customized sample holder was 
attached to the grinding head and a tool post together with a force transducer (Kistler 9257B) mounted on the 
compound table. The cutting tool was made from high speed tool steel (Cobalt M42) by grinding and lapping so that 
a naturally sharp tool-tip with a radius less than 5μm could be obtained. A tool angle of 75° was used for cutting the 
thermoplastics and 60° for the epoxies. During the cutting test, the cutting force Fc and transverse force Ft were 
measured by the force transducer and the actual cut depth of the specimen h was measured using a confocal distance 
sensor (STIL CHR 150). All cutting tests were carried out at a speed of 10mm/s, and the depth of cut ranged from 
approximately 50 μm to 200 μm.   
The cut chips were immediately collected and cold mounted using a two-part epoxy resin. The mounted 
specimens were processed via cross-sectioning and fine polishing so that the cross-sectional appearance of the chips 
can be revealed, as shown is Fig. 5. After preparation, the chip thicknesses and radii of curvature were measured 
using optical microscopy (Leica DFC 420) and a commercial image analysis software (Leica Qwin). Each chip 
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thickness hc was taken from an average of 10 measurements through the section where the corresponding cutting 
process reached steady-state. When determining the residual radius of curvature, attention has been paid to the initial 
curling part of the chip because this part of the chip was the least affected by the overlapping effect. The inner and 
outer of profiles of the initial part of the chip were analyzed by means of least-squares circle fitting, and the radius 
of curvature of the chip, R, was approximated by 
2
io RRR   
where Ro and Ri are the outer and inner radii of the initial part of the chip, respectively. 
 
 
Fig. 5. Image of a curled chip (UHMWPE) revealed by cross-sectional polishing. 
5. Experimental Data 
Table 2 Chip measurements 
  h hc hc/h Ri Ro Ro-Ri R=(Ro+Ri)/2 eb γ tanφ eb/γ (eb/γ)(hc/h) 
 μm μm  μm μm μm μm      
HDPE 
θ=75° 
49.68 59.18 1.19 155.0 218.4 63.4 186.7 0.16 1.57 1.04   100.24 112.65 1.12 258.2 370.1 111.9 314.2 0.18 1.55 1.12   148.84 172.03 1.16 388.6 554.1 165.5 471.4 0.18 1.56 1.08   198.36 229.69 1.16 529.3 758.0 228.7 643.7 0.18 1.56 1.07     
Average:   1.16     0.18 1.56   0.12 0.14 
HMWPE 
θ=75° 
49.09 64.41 1.31 294.5 370.1 75.6 332.3 0.10 1.61 0.92   92.21 112.33 1.22 799.9 913.8 113.9 856.9 0.07 1.58 1.01   162.73 191.00 1.17 1247.8 1441.1 193.3 1344.5 0.07 1.56 1.06   202.2 232.82 1.15 1471.4 1709.9 238.5 1590.7 0.07 1.56 1.08     
Avg.:   1.21     0.08 1.58   0.05 0.06 
UHMWPE 
θ=75° 
50.41 58.66 1.16 177.2 235.3 58.1 206.3 0.14 1.56 1.07   102.36 118.75 1.16 439.0 559.2 120.2 499.1 0.12 1.56 1.07   153.09 173.40 1.13 661.1 831.9 170.8 746.5 0.12 1.55 1.11   201.65 219.21 1.09 831.1 1056.8 225.7 944.0 0.12 1.54 1.17     
Average:   1.14     0.13 1.55   0.08 0.09 
PP 
θ=75° 
49.33 62.39 1.26 407.4 471.1 63.7 439.3 0.07 1.59 0.96   99.26 118.45 1.19 700.3 816.4 116.1 758.4 0.08 1.57 1.03   147.93 174.52 1.18 999.9 1173.3 173.4 1086.6 0.08 1.56 1.05   199.92 230.15 1.15 1214.1 1442.6 228.5 1328.4 0.09 1.56 1.08     
Average:   1.20     0.08 1.57   0.05 0.06 
PEEK 
θ=75° 
59.81 77.63 1.30 195.8 267.1 71.3 231.5 0.17 1.61 0.93   100.05 138.40 1.38 332.0 465.9 133.9 399.0 0.17 1.64 0.86   148.71 192.85 1.30 475.9 660.8 184.9 568.4 0.17 1.60 0.93   198.6 245.76 1.24 586.9 829.7 242.8 708.3 0.17 1.58 0.99     
Average:   1.31     0.17 1.61   0.11 0.14 
EPOXY 
θ=60° 
30 37.33 1.24 123.0 167.7 44.7 145.4 0.13 1.21 1.16   60 72.37 1.21 223.3 297.6 74.3 260.5 0.14 1.20 1.23   100 128.63 1.29 485.6 626.0 140.4 555.8 0.12 1.23 1.10     
Average:   1.25     0.13 1.21   0.11 0.14 
EPOXY 
/RUBBER 
θ=60° 
30 33.05 1.10 127.1 158.8 31.7 143.0 0.12 1.17 1.44   60 69.59 1.16 267.5 333.6 66.1 300.6 0.12 1.18 1.31   100 114.88 1.15 532.3 639.8 107.5 586.1 0.10 1.18 1.33     
Average:   1.14     0.11 1.18   0.09 0.10 
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Table 2 lists the chip measurements from the cutting tests performed on the seven materials. A tool angle of 75° 
is recommended in the protocol [2] and this was used for the thermoplastics. Testing the thermosets with this angle 
gave serious chip microcracking and this was alleviated by testing at θ=60°. hc, Ri and Ro were measured and a 
useful check was given by comparing hc with Ro-Ri, as shown. The agreement is generally good but at the smallest h 
value, 50 μm, there was some discrepancy caused by the accuracy of the measurements. eb, γ and tanφ can be 
computed from these values and are listed in Table 2. The values are largely independent of h and averages of eb/γ 
and (eb/γ)(hc/h) are shown. eb/γ varies from 5 to 12 % which reflects the contribution of bending to the energy 
dissipation. (eb/γ)(hc/h) is the correction necessary for the calculated σY determined from the cutting data. 
Table 3 Cutting data (Method 2) 
 σY Gc σY (corrected from Eq. 5) σY (corrected)/σY (compression) 
 MPa kJ/m
2 MPa  
HDPE 52.2±0.2 0.96±0.03 46.2±0.2 1.8 
HMWPE 44.8±0.4 1.29±0.05 42.5±0.3 1.8 
UHMWPE 42.6±0.6 1.77±0.08 39.3±0.5 2.1 
PP 82.6±0.6 0.90±0.07 78.2±0.5 1.8 
PEEK 158.4±0.6 1.46±0.08 139.8±0.5 1.2 
EPOXY 109.5±1.2 0.61±0.09 96.8±1.1 1.1 
EPOXY/RUBBER 77.7±1.5 0.98±0.13 70.7±1.3 0.9 
 
Table 3 gives the Gc and σY values determined from the cutting analysis [1, 2] together with the corrected σY 
values. Note that there is no change in Gc since (eb/γ)(hc/h) is constant. This corrected value is then divided by the 
compression value to show the increase due to the high shear strains. Interestingly there is almost no increase in the 
epoxies which are known to undergo strain softening rather than work hardening as shown in Fig. 3 (c). Similarly, 
PEEK shows only a slight increase while the polyolefines increase by a factor of about 2. This would suggest a 
power law work hardening coefficient of about 0.2.  
  
  
Fig. 6. Illustration of an eb to êY ratio vs. êY-eY for various materials. 
6. Conclusion 
The experimental data derived from measuring both the chip thickness and the residual radius of curvature show 
that the contribution of bending to the total is up to about 12% and is independent of thickness. Thus the usual 
cutting analysis requires a correction to the derived yield stresses of about the same order and that Gc is unaffected. 
There is no significant increase in σY for epoxies which show work softening but for polyolefines there is an 
increase due to work hardening. The eb values are also shown in Table 2 so that they may be compared to eY and êY. 
êY reflects the modulus decrease as yielding is approached and might be expected to determine eb. Fig. 6 shows eb/êY 
as a function of êY-eY and shows a clear connection for these seven materials suggesting that the bending term is 
controlled by the initial non-linearity stress-strain state. The concept is being pursued via analysis.  
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